This study investigated the hypothesis that dietary supplementation of L-methionine (L-Met) in weaned piglets in relation to DL-methionine (DL-Met) results in a higher antioxidant status and lower need for antioxidant enzyme activation in intestinal epithelium and body tissues, and improves gut morphology and gut barrier function as well as performance. A total of 99 early-weaned 21-day old piglets were allotted to six groups and fed a semi-synthetic wheat-barley-based basal diet supplemented 
| INTRODUC TI ON
is an essential amino acid (AA) in pigs and is routinely supplemented to their diets together with other limiting AA.
The use of DL-methionine (DL-Met) with a 1:1 ratio of the D-and Lmethionine enantiomers is common. However, commercial preparations of L-methionine (L-Met) are available and may be advantageous concerning animal performance and feed conversion ratio as shown in chicken (Shen, Weaver, & Kim, 2014) . This may be explained by the need to convert the D-enantiomer into the biologically active L-enantiomer, which occurs mainly in liver and kidney (Brachet & Puigserver, 1992; Hasegawa, Shinohara, Akahane, & Hashimoto, 2005) . Thus, the availability of L-Met is expected to be lower when feeding DL-Met in relation to L-Met at least in the intestine, but possibly also in the liver. DL-Met feeding, in turn, may reduce the proliferation and antioxidant status of the gut epithelium due to a reduced availability of L-Met for protein synthesis, and of Met metabolites involved in polyamine synthesis and the oxidative stressrelated response. Namely, besides its role as proteinogenic AA, Met helps to reduce oxidative stress directly or indirectly. On the one hand, Met and Cys residues in proteins scavenge reactive oxygen species (ROS) and thus protect both proteins and other macromolecules from oxidative damage (Bin, Huang, & Zhou, 2017) . Secondly, Met is a precursor for substances which play an important role in the antioxidant protection system of the body, such as taurine (Jong, Azuma, & Schaffer, 2012) . Also, Cys, which is derived from Met, is a constituent of the important intracellular antioxidant glutathione (GSH) (Mari, Morales, Colell, Garcia-Ruiz, & Fernandez-Checa, 2009 ). In addition, Met or rather its metabolite S-adenosyl-Met (SAM) is an important methyl group donor (Bauchart-Thevret, Stoll, Chacko, & Burrin, 2009 ) and donates an aminopropyl group for polyamine synthesis (Pegg, 2009; Shoveller, Stoll, Ball, & Burrin, 2005) .
Polyamines like putrescine, spermine and spermidine are involved in cell proliferation and are crucial for intestinal epithelium growth and integrity (Timmons, Chang, Wang, & Rao, 2014) . For example, dietary putrescine supplementation has been shown to improve intestinal morphology and increase tight junction (TJ) protein expression involved in gut barrier function in piglets (Wang et al., 2015) . Also, it has been shown in chicken that L-Met supplementation results in higher intestinal antioxidant concentrations like GSH and lower concentrations of oxidation products which indicate lower oxidative damage, in relation to DL-Met supplementation (Shen et al., 2014) .
It is also known that Met-deficient conditions increase channelling of the Met metabolite homocysteine (HCys) into the remethylation pathway to recycle Met (Ingenbleek & Kimura, 2013) .
Correspondingly, less HCys is channelled into the trans-sulphuration pathway which is active both in liver and intestine and results in Cys, GSH and taurine production (Ingenbleek & Kimura, 2013) .
Thus, the generation of Cys is reduced under Met-limiting conditions, and the availability of Cys is one major determinant of GSH synthesis (Lu, 2009) . Therefore, we expected that marginal dietary Met concentrations have negative effects and that DL-Met-supplemented diet should reinforce negative effects of marginal dietary Met concentrations in the intestine due to locally reduced availability of Met and its metabolites like GSH. In addition, the conversion of D-Met to L-Met by the D-amino acid oxidase (DAAO) yields H 2 O 2 (Brachet & Puigserver, 1992) which may again reinforce the negative effects of marginal dietary Met concentrations.
In the present study, we therefore compared the bio-efficacy of DL-and L-Met at marginal and adequate dietary Met concentrations and investigated effects of different dietary concentrations of either DL-or L-Met on oxidative stress-related parameters in intestinal as well as in plasma and liver tissue. We hypothesized that weaned piglets fed L-Met in relation to DL-Met supplemented diets perform slightly better, have a higher antioxidant status and lower need for antioxidant enzyme activation in the intestinal epithelium and further body tissues, and exhibit differences in gut morphology and gut barrier function.
| MATERIAL S AND ME THODS

| Animals and experimental design
A three-week lasting feeding trial was performed with 99 piglets (DanZucht × Pietrain) which were allotted to six groups of similar mean body weight and housed in an air-conditioned barn (temperature decreasing from 27.5 to 25°C during the 3-week trial, relative humidity 50%, 12-hr light-dark cycle) with 11 boxes with three piglets each. The piglets were fed a low-protein semi-synthetic basal diet (19.5% barley, 33% wheat, 17.7% corn starch, 1% soybean oil, 9% sucrose, 0.22% monocalcium phosphate, 0.16% monopotassium phosphate, 2.9% mineral and vitamin premix, 13% crystalline amino acids) which contained 14.4% crude protein, 14.1 MJ ME/kg and 0.093% Met (Zeitz, Kaltenboeck, Most, & Eder, 2017) . The basal diet was composed to meet the recommendations of the German Society for Nutrition Physiology (GfE) for growing pigs (GfE, 2006) 
| Sample collection and laboratory analysis
Feed samples were collected and stored at −20°C. At slaughter, plasma and samples of liver and jejunum mucosa were collected and stored at −80°C. Pieces of duodenum and jejunum were collected in formalin for later embedding in TissueTek ® OCT™ Compound (Hartenstein, Würzburg, Germany). More details on sample collection are found in Zeitz et al. (2017) .
In feed, concentrations of crude nutrients and Met were determined according to the official German VDLUFA methods (Zeitz et al., 2017) . To track metabolism of D-and L-Met, both amino acid enantiomers were determined in plasma and liver via precolumn derivatization mass spectrometry. The procedure was developed by modifying the method of Visser et al. (2011) and Hess et al. (2004) .
An amount of 100 μl of plasma was directly used for the analysis by mixing it with 25 μl of internal standard (IS=L-methionine-D3, For determination of gut morphology, the embedded gut pieces were cryo-sectioned, and villus height and crypt depth of 7 to 15
well-oriented and representative villi and crypts per sample were measured by light microscopy (Zeitz et al., 2017) . In mucosa and liver homogenates which were prepared with PBS buffer, the Trolox equivalent antioxidant capacity (TEAC) was determined based on Rimbach et al. (2003) as described in Zeitz et al. (2017) and the thiobarbituric acid reactive substances (TBA-RS) according to Wong et al. (1987) and Khoschsorur et al. (2000) . In brief, tissue homogenate (50 µl) was mixed with H 3 PO 4 (0.44 M, 0.75 ml), aqueous TBA reagent (42 mM, 0.25 ml) and distilled water (0.45 ml), and the mixture was boiled at 100°C for 1 hr. After cooling on ice for approximately 10 min, 1.5 ml methanolic NaOH (9 ml 1 M NaOH +100 ml methanol) was added, samples were centrifuged (3,100×g, 10°C, 10 min) and the generated pinkish TBA-RS in the reaction mixture were determined with a fluorescence spectrometer (Perkin Elmer LS 55) and extinction and emission wavelengths of 532 and 553 nm.
The standard curve was prepared with tetraethoxypropane as standard prepared with 400 ml/L ethanol solution. In homogenates prepared with phosphate buffer, the activity of the GPx was determined spectrophotometrically according to Lawrence and Burk (1976) and concentrations of total GSH according to Tietze (1969) and Griffith (1980) . Concentrations of the oxidized form of GSH, GSSG, were below the detection limit and could not be reliably quantified. In the jejunum mucosa, concentrations of α-and γ-tocopherol were determined by HPLC according to Gessner et al. (2013) . For gene expression analysis, RNA was isolated from liver and jejunum mucosa tissue using Trizol reagent, cDNA was synthesized using oligo dT18 primers, and quantitative RT-PCR was performed as described in Zeitz et al. (2017) . The primer sequences used are from Zeitz et al. (2017) and are listed in Table 1 . The C t values were transformed into relative quantification data and normalized using the three most stable (liver:
ACTB, GPI, RPS9; jejunum: ACTB, GAPDH, SDHA) out of six tested potential reference genes (Zeitz et al., 2017) . Means and SD were calculated from normalized expression data for samples of the same experimental group. The mean of the DL group was set to 1, and the means and SD of the L group were scaled proportionally. More details on laboratory analysis can be found in Zeitz et al. (2017) .
| Statistical analysis
The data were corrected for outliers and tested for normal (function lm), and for the feed:gain ratio, an exponential model was
) (function nls) where x is Met added to feed (%) for DL-and L-Met, respectively, and the coefficients b1 and b2 (gain) and c1 and c2 (feed:gain ratio) were used to estimate the relative effectiveness for DL-and L-Met respectively.
| RE SULTS
| Animal performance and Met concentrations in plasma and liver
Feed intake did not differ between piglets whose diets were supplemented with either DL-Met or L-Met (Table 2) . Accordingly, final weights, gains and the feed:gain ratio were similar in piglets supplemented with either DL-Met or L-Met (Table 2 ). In addition, the biological efficacy was nearly identical for gain and the feed:gain ratio in piglets fed L-Met supplemented diets (99.1%-99.9%) in relation to those fed DL-Met supplemented diets (100%) (Figure 1 ).
In plasma and liver, total concentrations of Met, that is, the sum of D-and L-Met enantiomers, were higher in piglets whose diets were supplemented with DL-Met in relation to L-Met (Figure 2 ). In the liver, concentrations of L-Met were higher in DL-Met supplemented piglets as well; however, in the plasma, concentrations of the L-enantiomer were not significantly different among both groups (Figure 2 ). Values represent lsmeans. The experimental unit was the box (n = 6).
TA B L E 1 Characteristics of the primer pairs
| Gut morphology and gut barrier
Both in the duodenum and in the jejunum, the Met source did not affect the gut morphology parameters measured; villi length, crypt depth and the villi length:crypt depth ratio were similar in both groups (Table 3) . Additionally, the gene expression of the tight junction (TJ) proteins claudin 3 (CLDN3), occludin (OCLN) and zonula occludens 1 (ZO-1) was similar in both groups (Table 3) .
| Antioxidant status of gut and liver
The antioxidant status of liver and jejunum mucosa was similar in piglets fed diets supplemented either with DL-or L-Met as evidenced by similar concentrations of GSH, TEAC, tocopherol and TBA-RS, and by a similar enzyme activity of the GPx in all groups (Table 4 ). In the jejunum, tocopherol concentrations were in tendency higher in piglets fed L-Met supplemented diets (Table 4) . Concomitantly, mRNA abundance of NQO1 was significantly higher in the liver of L-Met supplemented piglets in relation to those fed DL-Met (Table 5) . However, the expression of most investigated Nrf2 target genes and of all investigated NfκB target genes was similar (Table 5) .
| D ISCUSS I ON
In the present study, we measured plasma concentrations of both at a lower rate than was L-Met, and it implies the existence of a certain time delay after feeding until the major part of the D-Met has been converted to L-Met as has been also shown in rats (Hasegawa et al., 2005) . However, plasma L-Met concentrations were similar in all groups.
Neither weight gains nor the feed:gain ratio differed between piglets supplemented with either DL-Met or L-Met in the present study. Concomitantly, the bio-efficacy of both Met sources was nearly identical, an observation which had been also made by others in weanling and starter pigs when criteria were growth and feed efficiency (Chung & Baker, 1992) or nitrogen retention (Tian, Zeng, Zhang, Long, & Piao, 2010) . Although Kong, Ahn, and Kim (2016) reported that bio-efficacy of DL-Met was only 90% of that of L-Met based on nitrogen retention, this difference was not statistically significant. Shen et al. (2014) , in contrast, found that relative bioavailability of L-Met to DL-Met for daily gains and feed:gain ratio in early-weaned piglets was 144% and 123%, respectively, and speculated that piglets of younger age profit from L-Met supplementation whereas older piglets did not. However, in our study, early-weaned (Dibner & Ivey, 1992) , and, consequently, more than 90% of the D-Met entering the bloodstream is converted to L-Met within some hours as shown in rats (Hasegawa et al., 2005) .
It should be mentioned, however, that the diets used in the present study did not contain DAAO inhibitors like sodium benzoate Values represent lsmeans. The experimental unit was the animal (n = 11). GSH: total glutathione; GPx: glutathione peroxidase; TEAC: trolox equivalent antioxidant capacity; TBA-RS: thiobarbituric acid reactive substances. b One unit is defined as the amount of enzyme causing oxidation of 1 nmol NADPH to NADP per min. c Sum of α-and γ-tocopherol.
Concentrations of γ-tocopherol were very low (<0.4 nmol/g) and close to the detection limit.
TA B L E 5 Relative mRNA abundance of target genes of NF-κB and Nrf2 in liver and jejunum of piglets fed diets supplemented Values represent lsmeans. The experimental unit was the animal (n = 11). TNF: tumour necrosis factor; IL8: interleukin 8; ICAM: intercellular adhesion molecule; SOD1: superoxide dismutase 1; TXNR: thioredoxin reductase 1; NQO1: NAD(P)H dehydrogenase, quinone 1.
which may be supplemented to piglet diets up to 1% of the diet (Commission Regulation [EC] No. 757/2007). Because similar concentrations of sodium benzoate have been shown to reduce kidney DAAO activity by half in rats (Williams & Lock, 2005) , it can be speculated that D-Met conversion would be inhibited in pigs fed benzoic acid supplemented diets and thus that relative efficacy of DL-Met and L-Met concerning growth would differ in this case as well.
Although DAAO activity can be measured in intestinal tissue, its activity is considerably lower than that in liver and kidney (Brachet & Puigserver, 1992) . We had therefore expected that Met would be limiting in DL-Met supplemented piglets at least in the gut, because to L-Met (Brachet & Puigserver, 1992) , and hence lower activation of redox-sensitive and inflammation-related pathways. In the presence of ROS, the master regulator of the antioxidant response, the nuclear factor (erythroid-derived2)-like 2 (Nrf2), is activated, and therefore its target genes like superoxide dismutase (SOD) and thioredoxin reductase (TXNR) are upregulated (Gorrini, Harris, & Mak, 2013) .
Similarly, under oxidative stress conditions, the master regulator of inflammation, the nuclear factor "kappa-light-chain-enhancer" of activated B cells (NF-κB), is activated to prevent further oxidative damage and promote cellular survival (Buelna-Chontal & Zazueta, 2013; Morgan & Liu, 2011) . The effects of DL-and L-Met supplementation on Nrf2 and NF-κB pathways have not been investigated so far.
However, Shen, Ferket, Park, Malheiros, and Kim (2015) protein levels of target genes may be even better suitable to monitor at least the activation of the Nrf2 pathway and are recommended for further studies, because it has been reported that translation efficiency of Nrf2 target genes differs between normal and stress conditions (Huang, Li, Su, & Kong, 2015) .
In addition, higher L-Met availability was hypothesized to support production of the Met metabolite SAM, and SAM being used, for example, for the synthesis of polyamines which are crucial for intestinal epithelial growth and integrity (Pegg, 2009; Timmons et al., 2014) . Namely, Met supplementation was shown to stimulate trans-methylation metabolism and synthesis of polyamines in intestinal tissue and liver (Chen et al., 2014) . Also, polyamine depletion has been shown to decrease protein abundance of ZO-1, CLDN2 and CLDN3, tight junction proteins involved in gut barrier function (Guo et al., 2005) . Therefore, L-Met was hypothesized to support gut barrier function and villi integrity and growth better than DL-Met, as had been already shown for gut morphology in weaned piglets (Shen et al., 2014) and broiler chicks (Shen et al., 2015) . Longer villi and a higher mucosal surface area could be important in post-weaning piglets, where the marked decrease in villi length and concomitant decrease in absorptive surface after weaning may contribute to a reduced digestive capacity (Montagne et al., 2007) . However, in our at maximum, less than 50% of the Met are utilized by epithelial cells in the digestive tract (Stoll et al., 1998) and that the percentage of 70% to 80% of Met being in the form of L-Met even in the DL-Met fed piglets in the present study was probably enough to avoid cells sensing a deficiency of Met which would have increased channelling of the Met metabolite homocysteine (HCys) into the re-methylation pathway to recycle Met at the expense of channelling HCys into the trans-sulphuration for Cys, GSH and taurine production (Ingenbleek & Kimura, 2013) .
| CON CLUS IONS
In summary, the use of L-Met in comparison with DL-Met showed comparable results in terms of performance, gut morphology and TJ gene expression, as well as oxidative stress-related parameters of gut and liver, despite feeding diets with marginal dietary Met concentrations. Our data thus imply that the multiple roles of Met may be equally fulfilled both with DL-and L-Met supplementation.
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